U
nderstanding patterns of hamstring muscle activation in different exercises may have implications for strength training and hamstring and knee injury prevention programs. Hamstring muscle activation has been examined in a range of resistance training exercises using surface electromyography (sEMG) 5, 15, 26 and functional magnetic resonance imaging (fMRI). 5, 13, 15 The fMRI technique offers high levels of spatial resolution and potentially provides greater clarity as to the relative contribution of individual muscles than does sEMG, which is prone to cross-talk. 1, 7 As far as we are aware, however, fMRI has not previously been employed to assess hamstring activation in women.
Furthermore, there are currently disparities between sEMG studies that have employed male 5 and female 26 participants. For example, Bourne and colleagues 5 recently utilized a combination of sEMG and fMRI techniques and reported that the Nordic hamstring exercise and leg curl selectively activated 5 the semitendinosus (ST) and biceps femoris short head (BFSH) muscles, while hip extension exercises more uniformly recruited the biarticular hamstrings in men. 5 In contrast, Zebis and colleagues 26 have reported preferential sEMG activation of the biceps femoris long head (BFLH) during the Nordic hamstring exercise and various forms of leg curls in women. These discrepancies could potentially be due to small differences in EMG electrode placement and may be resolved with fMRI measures of hamstring muscle activation in women. U U BACKGROUND: Understanding hamstring muscle activation patterns in resistance training exercises may have implications for the design of strength training and injury prevention programs. Unfortunately, surface electromyography studies have reported conflicting results regarding hamstring muscle activation patterns in women.
U U OBJECTIVES:
To determine the spatial patterns of hamstring muscle activity during the 45° hip extension and Nordic hamstring exercises in women using functional magnetic resonance imaging (fMRI).
U U METHODS:
This was a cross-sectional study in which 6 recreationally active women with no history of lower-limb injury underwent fMRI on both thighs before and immediately after 5 sets of 6 bilateral eccentric contractions of the 45° hip extension exercise or the Nordic exercise. Using fMRI, the transverse (T2) relaxation times were measured from pre-exercise and postexercise scans, and the percentage increase in T2 was used as an index of muscle activation.
U U RESULTS:
The fMRI revealed a significantly higher biceps femoris long head-to-semitendinosus ratio during the 45° hip extension exercise than in the Nordic exercise (P = .028). The T2 increase after the 45° hip extension exercise was greater for the biceps femoris long head (P<.001), semitendinosus, and semimembranosus (P≤ .001) than that for the biceps femoris short head. During the Nordic exercise, the T2 increase of the semitendinosus was greater than that of the biceps femoris short head (P<.001) and biceps femoris long head (P = .001).
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Functional magnetic resonance imaging is a noninvasive form of imaging that allows for quantification of muscle activation during exercise. 12 The technique is based on changes in the T2 relaxation time of tissue water, 7, 12, 20 which can be inferred from signal intensity changes on fMRI. The T2 relaxation times of muscles change in proportion to exercise intensity and mirror the changes in sEMG, while also overcoming the limitations in spatial resolution of sEMG. 1, 7 The purpose of this study was to determine the spatial patterns of hamstring muscle use in women during the 45° hip extension exercise and the Nordic hamstring exercise. Based on previous work in men, 5 the authors hypothesized that the 45° hip extension exercise would display a higher BFLH/ST activation ratio than the Nordic hamstring exercise.
METHODS

Participants
S
ix recreationally active women (mean ± SD age, 22.5 ± 5.9 years; height, 170.5 ± 7.5 cm; weight, 59 ± 6.9 kg) participated in this study. Participants were free from injuries to the trunk, hips, and lower limbs at the time of testing and had no known history of cardiovascular, metabolic, or neurological disorders. Participants had no history of hamstring strain injury or anterior cruciate ligament (ACL) injury. Prior to testing, participants provided written informed consent to participate in the study, which was approved by the Queensland University of Technology Human Research Ethics Committee and The University of Queensland Medical Research Ethics Committee.
Study Design
A cross-sectional design was used to determine the spatial patterns of hamstring muscle use during the 45° hip extension and Nordic hamstring exercises. These exercises were chosen based on previous work, which reported that out of 10 common exercises, the 45° hip extension exercise most selectively activated the BFLH, while the Nordic hamstring exercise most selectively recruited the ST. 5 At least 7 days (±1 day) before experimental testing, all participants were familiarized with each exercise and had anthropometric measures taken. Experimental testing involved 2 separate sessions separated by at least 14 days (14 ± 4 days). Each session involved fMRI on both thighs before and immediately after one of the exercises. All testing sessions were supervised by the same investigator to ensure consistency of procedures (D.J.M.).
Exercise Protocol
An illustration of the 45° hip extension and Nordic exercises can be found in FIGURE 1. Participants performed only the eccentric, or lowering, phase of each exercise. Participants were instructed to perform each eccentric repetition at the slowest possible speed and were loudly encouraged to provide maximum effort during each repetition. During the familiarization session, the Nordic hamstring exercise was performed with body mass only on a device described previously, which enabled forces at the ankle to be assessed. 16, 18, 19 The ankle braces and load cells attached to the device allowed the forces generated by the knee flexors to be measured through the long axis of the load cells.
To approximate the intensity of the 45° hip extension and the Nordic hamstring exercises, participants performed 3 maximal eccentric repetitions (falling at the slowest possible speed) and concentric repetitions (with the assistance of an elastic band attached across the chest and held by the investigator above and behind the participant) of the Nordic hamstring exercise. The forces measured at each participant's ankles formed an eccentric-to-concentric ratio. During the Nordic hamstring exercise, participants displayed forces that were approximately 20% greater during eccentric repetitions than during concentric repetitions. Subsequently, participants were given an approximate 10-repetition maximum (10-RM) load (the heaviest load that can be lifted 10 times), in the form of weight plates held on the chest for the hip extension exercise (median, 15 kg; range, 10-20 kg). They then performed the exercise with the allocated load, and the weight was gradually increased or reduced until a 10-RM load was found. Using Holten's equation (x kg × [100%/80%], where x is the 10-RM load), the investigators were able to estimate the 1-repetition maximum (1-RM) hip extension load required to match the supramaximal intensity of the Nordic hamstring exercise (120% of the estimated hip extension 1-RM).
In each subsequent exercise session, participants performed 5 sets of 6 repetitions, with 1-minute rest intervals between sets. Participants were vocally encouraged by investigators to foster maximal effort during these tests. During the rest period, participants rested in a seated position (45° hip extension exercise) or lay prone (Nordic hamstring exercise) to minimize activation of the knee flexors. Immediately after the completion of exercise, participants were returned to the scanner for postexercise scans, which commenced within 135.4 ± 20 seconds.
Functional Magnetic Resonance Imaging
All fMRI scans were performed using a 3-T (Trio Tim; Siemens AG, Munich, Germany) imaging system with a spinal coil. Participants lay supine in the magnet bore, with their knees fully extended and hips in a neutral position and straps secured around both limbs to prevent undesired movements. A 180 × 256-mm body image matrix was positioned over the anterior thighs and aligned with the center of the 400 × 281.3-mm field of view, which included both limbs and spanned the distance between the femoral head and the tibial plateau. Consecutive T2-weighted axial images were acquired for both limbs before and immediately following exercise using a Carr-PurcellMeiboom-Gill spin-echo pulse sequence and the following parameters: transverse relaxation time, 2540 milliseconds; echo times of 8, 16, 24, 32, 40, 48, and 56 milliseconds; number of excitations, 1; slice thickness, 10 mm; interslice gap, 10 mm.
All participants had 2 Carr-PurcellMeiboom-Gill spin-echo pulse sequences to capture the entire length of the thigh muscles, and the total acquisition time for each sequence was 6 minutes 25 seconds. A localizer adjustment (20 seconds) was applied prior to the first sequence of each scan (pre exercise and post exercise) to standardize the field of view and to align collected images between the pre-exercise and postexercise scans. 2 A postprocessing (B1) filter was applied to minimize any inhomogeneity in magnetic resonance images caused by dielectric resonances at 3 T.
14 Participants were seated for a minimum of 15 minutes prior to pre-exercise scans, and were asked to avoid strength training of the lower limbs for 72 hours prior to data acquisition to ensure that the signal intensity profile of pre-exercise T2-weighted images was not affected by anomalous fluid shifts.
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Measurement of T2 Relaxation Times
The T2 relaxation times of each hamstring muscle (BFLH, BFSH, ST, and semimembranosus [SM]) were measured in T2-weighted images acquired before and after exercise sessions to evaluate muscle activation during exercise. All images were transferred to a Windows computer in the Digital Imaging and Communications in Medicine file format. The T2 relaxation time for all hamstring muscles was measured in 5 axial slices, which corresponded to 30%, 40%, 50%, 60%, and 70% of thigh length (defined as the distance between the inferior margin of the ischial tuberosity [0%] and the superior border of the tibial plateau [100%]). 2, 14 Image analysis software (Sante DICOM Viewer and DICOM Editor; Santesoft Ltd, Nicosia, Cyprus) was used to measure the signal intensity of each muscle in both limbs in pre-exercise and postexercise scans. The signal intensity was measured in each slice using a 9-to 40-mm 2 circular region of interest (ROI), 12, 13 which was placed in a homogeneous area of contractile tissue in the center of each muscle belly (avoiding aponeurosis, fat, tendon, bone, and blood vessels). The signal intensity represented the mean value of all pixels within the ROI and was measured across 7 echo times (8, 16, 24, 32, 40, 48 , and 56 milliseconds). For each ROI, T2 relaxation time was calculated using the signal intensity value at each echo time, which was fitted to a monoexponential decay model using a least-squares algorithm: SI = M´exp(echo time/T2), 14 where SI is the signal intensity at a specific echo time and M represents the pre-exercise fMRI signal intensity. To determine the extent to which each ROI was activated during exercise, the mean percentage change in T2 was calculated as (mean postexercise T2/mean pre-exercise T2) × 100.
The percentage change in T2 relaxation time for each hamstring muscle was evaluated using the average value of all ROIs at all 5 thigh levels, which provided a measure of whole-muscle activation. Previous studies have demonstrated excellent intertester reliability of T2 relaxation time measures, with intraclass correlation coefficients ranging from 0.87 to 0.94.
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Statistical Analysis
The pre-exercise and postexercise T2 values for each exercise session were reported as mean ± SD. A repeated-measures linear mixed model fitted with the restricted maximum-likelihood method was used to compare the spatial patterns of hamstring muscle activation during the 45° hip extension exercise and Nordic hamstring exercise. For each exercise, the log-transformed percentage change in T2 relaxation time was compared between each hamstring muscle. For this analysis, muscle was the fixed factor, and participant identity and the participant identity-by-muscle interaction were the random factors. When a significant main effect was detected for muscle or exercise, post hoc t tests with Bonferroni corrections were used to identify the source and reported as mean differences with 95% confidence intervals (CIs). The adjusted alpha was set at P<.003 for these analyses.
The 45° hip extension exercise and the Nordic hamstring exercise differed in terms of movement velocity and hamstring excursion, so it was not appropriate to compare the magnitude of T2 shifts between exercises. To determine differences in the extent of lateral-to-medial hamstring activity between exercises, a repeated-measures linear mixed model fitted with the restricted maximumlikelihood method was used to compare the differences in the ratio of BFLH-to-ST percentage change in T2 relaxation time. For this analysis, exercise was the fixed factor and participant identity the random factor. When a main effect was found for exercise, post hoc t tests were again used to identify the source and reported as mean differences (95% CI); alpha was set at P<.05 for this analysis, and Cohen's d was reported as a measure of the effect size. 
RESULTS
T2 Relaxation Time Percentage Change Following the 45° Hip Extension Exercise
Comparison of BFLH/ST Ratio Between Exercises
A significant main effect was observed for exercise (P = .028) when comparing the BFLH/ST ratio (FIGURE 4) . A significantly lower ratio was found during the Nordic exercise compared to the 45° hip extension exercise (mean difference, -0.20; 95% CI: -0.37, -0.03; P = .028).
DISCUSSION
T his is the first study to have used fMRI to explore the impact of exercise selection on hamstring muscle activation in women. The findings are consistent with a previous study of males 5 in showing high levels of ST activation during both the eccentric 45° hip extension and Nordic hamstring exercises, although the Nordic hamstring exercise preferentially targets the ST, while the 45° hip extension exercise more evenly activates the 3 biarticu- lar hamstrings. Given the high spatial resolution of the fMRI technique, these findings provide some clarity regarding hamstring activation patterns in 2 common hamstring exercises, which has not been produced by sometimes conflicting sEMG studies. 5, 26 These findings may also have implications for design of strength training and injury prevention programs aimed at reducing hamstring strain and ACL injuries.
Explosive lower-body movements are frequently performed during competitive sport, and these activities impart significant loads on the ACL. 11, 26 Given that the hamstrings represent the primary form of muscular support for this ligament, 9 strengthening these muscles is increasingly prioritized in ACL injury prevention programs. 10, 24 It has previously been proposed that the ST may play a more significant role than the other hamstrings in unloading the ACL, 25 given that this muscle functions to prevent excessive anterior tibial translation and knee valgus, which are both movements commonly associated with ACL injury. 6, 10, 26 Accordingly, exercises that selectively activate the ST, like the Nordic hamstring exercise, may be important in ACL injury prevention protocols.
Prior BFLH strain injury is associated with persistent deficits in muscle activation, 4, 17 BFLH fascicle lengths, 23 and muscle volume. 21 These deficits appear to persist even after a successful return to sport, 8 which suggests that conventional rehabilitation programs are ineffective in restoring optimal structure and function to this most commonly injured muscle. Given that the acute T2 patterns observed after a single exercise bout 5 closely match the hypertrophic adaptations experienced after 10 weeks of training, 3 the results of the current study suggest that the Nordic hamstring exercise is unlikely to be the optimal stimulus for restoring BFLH volume in cases of atrophy. Instead, the 45° hip extension exercise, which elicited a higher BFLH/ST activation ratio, may be a useful alternative for redressing these deficits and should be a focus of future work.
The mechanism for the nonuniformity of muscle activation in different exercises is not fully understood; however, morphological and architectural differences might be at least partly responsible. 5, 15 For example, the ST displays a larger moment arm at the knee than at the hip 22 and may, therefore, be preferentially activated during movements involving knee flexion. 22 In contrast, the BFLH moment arm is greater at the hip than at the knee. 22 Moreover, the ST is long, thin, and fusiform and possesses many sarcomeres in series, which may be better suited to contractions at long muscle lengths.
Participants were healthy, recreationally active women, so it cannot be assumed that similar results would occur in highly trained female athletes or those with a history of hamstring or knee pathology. Furthermore, the T2 response following exercise is influenced by a range of factors, such as the metabolic capacity of the active tissue, which is likely to differ between individuals. 1, 7 The investigators attempted to minimize any variability by recruiting only female participants with a similar age and training status. Despite these attempts to approximately standardize the exercise intensity, the 45° hip extension and Nordic hamstring exercises differed in terms of movement velocity and hamstring excursion, so it was not appropriate to compare the absolute magnitudes of T2 shifts between exercises. However, these findings can offer insights into the relative metabolic activity and reliance on different hamstring muscles during the eccentric contraction of both exercises.
CONCLUSION
F
emale participants display different spatial patterns of hamstring muscle activation during hip-and knee-based strength exercises. The ST muscle displays high levels of muscle activation during both the eccentric 45° hip extension and Nordic hamstring exercises. Hip extension exercise more evenly activates the biarticular hamstrings, while the Nordic hamstring exercise preferentially targets the ST. Consequently, the 45° hip extension exercise displayed a BFLH/ST activation ratio that was approximately 20% higher than that of the Nordic hamstring exercise. These findings may have implications for the design of hamstring and ACL injury prevention programs. U
KEY POINTS
FINDINGS: While both exercises strongly activate the semitendinosus, the Nordic hamstring exercise preferentially recruits the semitendinosus muscle, while the 45° hip extension exercise activates the biarticular hamstring muscles more evenly. IMPLICATIONS: These findings may have implications for design of strength training and injury prevention programs aimed at reducing hamstring strain and anterior cruciate ligament injuries. CAUTION: Participants were healthy, recreationally active women, so it cannot be assumed that similar results would occur in highly trained female athletes or those with a history of hamstring or knee pathology. 
